A dose-response model using rhesus monkeys as a surrogate for pregnant women indicates that oral exposure to 10 7 CFU of Listeria monocytogenes results in about 50% stillbirths. Ten of 33 pregnant rhesus monkeys exposed orally to a single dose of 10 2 to 10 10 CFU of L. monocytogenes had stillbirths. A log-logistic model predicts a dose affecting 50% of animals at 10 7 CFU, comparable to an estimated 10 6 CFU based on an outbreak among pregnant women but much less than the extrapolated estimate (10 13 CFU) from the FDA-U.S. Department of Agriculture-CDC risk assessment using an exponential curve based on mouse data. Exposure and etiology of the disease are the same in humans and primates but not in mice. This information will aid in risk assessment, assist policy makers, and provide a model for mechanistic studies of L. monocytogenes-induced stillbirths.
Listeria monocytogenes is a food-borne pathogen responsible for the illness listeriosis, a disease especially severe for susceptible people, including fetuses and immunocompromised individuals. The infection resulting from L. monocytogenes exposure triggers a cell-mediated response, and fetuses, neonates, and individuals with suppressed immune systems such as AIDS patients, transplant recipients, and the elderly are unable to respond normally to this challenge. Among these at-risk populations, listeriosis is fatal to 20 to 40% of those who become infected, regardless of treatment (2, 7, 19) . For all others not exquisitely sensitive to listeriosis, exposure to L. monocytogenes is seldom fatal. Several outbreaks of L. monocytogenes-associated febrile gastroenteritis have been reported among healthy adults, but only at doses of 10 5 CFU or greater (1, 4, 8, 17) . Concern about listeriosis led the Center for Food Safety and Applied Nutrition of the U.S. Food and Drug Administration (FDA), the Food Safety Inspection Service of the U.S. Department of Agriculture (USDA), and the Centers for Disease Control and Prevention (CDC) to conduct a risk assessment for L. monocytogenes in ready-to-eat foods (7) . To conduct the risk assessment, mouse infection data were used to model the dose response but adjustments were made to the mouse data to more accurately predict the human dose response (7) . In comparing the doses resulting in fatalities to 50% of the exposed individuals (LD 50 ), the model based on mouse data underestimates sensitivity in humans based on the limited human data currently available. This discrepancy may result from mechanistic differences in how L. monocytogenes gains entry into epithelial cells in the intestine.
In vitro studies using human cell lines have shown that L. monocytogenes binds to the E-cadherin receptor, a transmembrane protein that assists in the formation of tight junctions between epithelial cells (16) . The E-cadherin molecule in mice and rats has a glutamic acid at position 16, whereas human E-cadherin has a proline (12) . Reduced susceptibility of mice and rats to oral infection with L. monocytogenes (13) may result from this change in the amino acid sequence, and mice transformed to express human E-cadherin in intestinal cells provide further evidence of the importance of proline at position 16. However, in vivo confirmation has yet to be done and other surface proteins may play a role in L. monocytogenes invasion of epithelial cells. No information has been published on the sequence of the E-cadherin molecule in rhesus monkeys.
A dose-response model that more accurately predicts human outcomes was identified as a data gap in the FDA-USDA-CDC risk assessment (7) . The estimated lethal dose to 50% of the known exposures in susceptible human populations is markedly lower than that predicted for the general population, suggesting the need for an appropriate animal model for susceptible human populations, including pregnant women. In 2003, we published a study showing that listeriosis in pregnant rhesus monkeys closely resembles listeriosis during pregnancy in humans (20) . The objectives of the present study were to use the pregnant rhesus monkey to obtain dose-response data and to develop a dose-response model for use in L. monocytogenes risk assessment.
MATERIALS AND METHODS
L. monocytogenes inoculum preparation. Monkey clinical strain 12443 was selected as the treatment strain because preliminary findings indicated that monkeys were at least as sensitive to this strain as to the other human or food isolate strains tested (20) . Monkey clinical strain 12443 (serotype 1/2a) was originally isolated from a spontaneously occurring stillbirth in the outdoorhoused Yerkes National Primate Research Center rhesus monkey colony. Cultures were maintained on cryobeads at Ϫ80°C. At the time of use, beads were placed in 10 ml brain heart infusion (BHI) broth (Difco Laboratories, Detroit, MI). Inoculum preparation was previously described in detail (20) . Briefly, cultures were activated by two successive transfers in BHI broth at 37°C for 24 h, harvested by centrifugation for 10 min at 3,500 ϫ g, washed three times, and resuspended in sterile serological saline. Target doses of L. monocytogenes were estimated by determining the optical density of the culture in a saline solution and subsequently diluting it to the desired concentration. Inoculum preparation was previously described in detail (20) . Briefly, 1 ml of the appropriate dose of L. monocytogenes was added to 9 ml of commercially available whipping cream that had been sterilized by autoclaving at 121°C for 15 min. Whipping cream was selected as the vehicle based on results from our previous study (20) that also examined two lower-fat vehicles ([i] half and half and [ii] skim milk). When administered in whipping cream, L. monocytogenes was as virulent as in the lower-fat vehicles. To confirm the number of L. monocytogenes CFU administered to the animals, the cultures were serially diluted in saline, surface plated onto BHI agar (Difco) in duplicate, and incubated for 24 h at 37°C before enumeration.
Isolation and confirmation of L. monocytogenes from tissue samples and fecal material. Fetal tissue from stillbirths was confirmed positive both qualitatively and quantitatively for L. monocytogenes by the method of Cook (3), which was further described by Smith et al. (20) . Briefly, for isolates identified as positive, two enrichments were done in nonselective and selective media, followed by selective plating on modified Oxford agar plates (Difco) for the qualitative method. For quantitation, samples were directly plated on modified Oxford agar plates. For both methods, colonies were examined for typical Listeria appearance by Henry illumination. Selected colonies (5 to 10%) were confirmed as L. monocytogenes by Gram stain and API Listeria tests (BioMérieux Industry, Hazelwood, MO).
Pulsed-field gel electrophoresis (PFGE) patterns on selected samples were compared with the original L. monocytogenes strain to verify that they were the same. PFGE was performed according to the methods described by Graves and Swaminathan (9) .
Animals. Thirty-three pregnant rhesus monkeys (Macaca mulatta) were identified at 30 gestation days (gd) from the Yerkes National Primate Research Center's timed-breeding colony and placed into our study. Treatment and results for 10 of these animals were published previously in our report describing the pregnant rhesus monkey as a model for human listeriosis (20) . The purpose of the preliminary study was to determine the optimal treatment regimen for the remaining 23 animals. Details of the selection of the treatment strain of L. monocytogenes and vehicle were previously described (20) . Briefly, pregnancy was allowed to proceed normally until approximately the last third of pregnancy (ϳ110 gd), when animals were treated with L. monocytogenes. The time of treatment was chosen to correspond to approximately the last one-third of pregnancy, the time when most human cases are reported. For treatment, animals were sedated with ketamine (10 mg/kg body weight) and L. monocytogenes was administered by nasogastric intubation. Animals were monitored daily for changes in eating behavior or activity or signs of illness such as diarrhea. However, no visible changes were noted in these indicators for any animal. In pregnancies resulting in stillbirths, vaginal bleeding often preceded the delivery of stillbirth and these animals were monitored closely. In some cases, stillbirths were delivered by caesarean section to preserve the health of the mother. No spontaneously occurring Listeria-induced stillbirth has ever been identified from the indoor-housed breeding colony at Yerkes. Table 1 lists the confirmed treatment dose, gd of treatment, and outcome for individual animals.
All animal work was done in full compliance with all federal regulations, including the Animal Welfare Act, and the Yerkes Center is fully accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care International. All procedures were approved by the Institutional Care and Use Committee.
Sample collection. Blood samples were collected before treatment, at either 4 days or 2 weeks posttreatment, at the time of delivery, and at 1 month postdelivery. Routine hematology was done on all blood samples, including white blood cell counts, number of platelets, mean corpuscular volume, hemoglobin, and numbers of neutrophils, lymphocytes, monocytes, and eosinophils.
Fecal shedding of L. monocytogenes was determined by collecting fecal samples daily for 1 week, every other day for the second week, and once per week for 2 additional weeks. After collection, fecal samples were either cultured or refrigerated for not more than 48 h until enumeration.
Tissue samples were collected from placentas and aborted fetuses when possible. The strain of L. monocytogenes isolated from the tissue was confirmed as the treatment strain by PFGE. Dose-response model. The data were fitted to a log-logistic dose-response model by using the following formula:
Ϫ␣͑log10 dose Ϫ ͒ }, where ␤ is the asymptotic value of probability of infection as the log dose approaches ϱ (␤ ϭ 1 in this study), is the predicted lethal dose at a specified value of p ϭ Pr (Pr is the probability of infection), and ␣ is a rate parameter affecting the rate of increase of infection as the log dose increases. Nonlinear solution of the least-squares equations provided estimates of the parameters in the log-logistic model. The estimates of the parameters were obtained by solving the model for the observational data in Table 2 by the nonlinear statistical procedure (NLIN) in the SAS system (Statistical Analysis Software, version 6.12, 1996) . A commonly used measure of the goodness of fit for nonlinear models is R 2 , which is defined as 1.0 minus the ratio of the residual sum of squares to the corrected total sum of squares. Although this ratio underestimates the degree of fit for nonlinear models containing asymptotic parameters such as the log-logistic model, it does provide for an overall general fit.
RESULTS
Complete dosing and exposure information for each animal in this analysis is included in Table 1 or in reference 20. Although target doses of L. monocytogenes were used for treating animals, doses of L. monocytogenes were based on confirmatory cultures done at the time of treatment. For grouping, the doses were rounded to the nearest log dose and a geometric (Table 2 ). This experiment was designed to include more animals in the lowerdose groups (20) because data are more difficult to obtain from those groups because of statistical limits in detecting effects to lower percentages of the population. Of 33 pregnant rhesus monkeys treated with L. monocytogenes at various doses, 10 animals had pregnancies resulting in stillbirths, 1 animal had a premature birth with no obvious signs of listeriosis, and 22 animals had normal pregnancy outcomes (Tables 1 and 3; Table 2 in reference 20). Because the premature birth could not be confirmed as Listeria related, the data from that animal were included in the "normal birth" group. Animals whose pregnancies ended with stillbirth delivered those fetuses at a significantly earlier time (155 Ϯ 15 gd) compared to normal births (170 Ϯ 6 gd) (P Ͻ 0.05), although both groups had a wide range in the time to delivery, with stillbirths ranging from 136 to 175 gd and normal births ranging from 147 to 176 gd (Table 1; see Table 2 in reference 20).
Fecal samples were collected to determine whether L. monocytogenes had colonized the intestinal tract and, if so, how long the animals shed L. monocytogenes after oral exposure. Animals with normal births had detectable levels of L. monocytogenes in their feces only if exposed to 10 6 or more CFU of L. monocytogenes, but animals with stillbirths had detectable levels of L. monocytogenes after receiving doses of 10 3 CFU or greater (Table 3) . Animals with stillbirths shed L. monocytogenes for significantly longer periods of time than animals with normal births (P Ͻ 0.05), regardless of the dose (Table 3) . This suggests that, for any given dose, the longer L. monocytogenes is shed in the feces, the greater is the risk of stillbirth. Additionally, fecal samples from mothers were confirmed L. monocytogenes positive at each dose level that resulted in stillbirth (Table 3) .
Routine hematology was done on all blood samples, including white blood cell counts, number of platelets, mean corpuscular volume, hemoglobin, and numbers of neutrophils, lymphocytes, monocytes, and eosinophils, and all of these parameters were within the normal range for rhesus monkeys. In animals that gave birth naturally, red blood cell counts were below the normal range for rhesus monkeys, but this was attributed to the loss of blood while giving birth (data not shown).
To confirm that L. monocytogenes had infected the fetus and was likely the cause of the stillbirth, fetal tissue was collected when possible and L. monocytogenes was isolated. In each case where a stillbirth was confirmed positive for L. monocytogenes, the fecal samples collected from the mother were also positive. Sixty percent of stillbirths in animals exposed at 10 3 to 10 10 CFU were confirmed positive for L. monocytogenes (Table 2) . In cases where L. monocytogenes was isolated from fetal tissue, the same treatment strain was also isolated from the placenta and feces from the mother and selected samples were confirmed by PFGE (Fig. 1) . The form of the log-logistic model used for describing the dose-response relationship in this study is shown above. Determination of LDs is based on the values of p. For example, if p ϭ 0.10 or 0.50, then the values of are the LD 10 or LD 50 , respectively. When p ϭ 0.50, the term (1 Ϫ p)/p drops out of the model completely.
Estimates of the parameters ␣ and are Ϫ6.446 ϫ 10 Ϫ1 and 8.45 ϫ 10 7 , respectively. Since we used a value of p ϭ 0.50, the estimate of is the LD 50 with confidence intervals (LD 50lower ϭ 3.63 ϫ 10 6 , LD 50upper ϭ 4.27 ϫ 10 8 ). The estimate of ␣ determines the rate at which infection is achieved. The estimated dose-response curve comparing the estimated responses with the observed responses is presented in Fig. 2 , with an overall general fit of R 2 ϭ 0.88, where R 2 is defined as [(1 Ϫ residual sum of squares)/corrected sum of squares] ϫ 100.
DISCUSSION
To maximize the data set for analyses and for dose-response modeling, data from the present study were combined with data from our previous study (20) , which included five strains of L. monocytogenes and three different vehicles. Support for this approach has been demonstrated by using mice. Combining five strains of L. monocytogenes into a cocktail does not significantly affect infection in A/J mice compared to giving the strain individually (5) . Similarly, administering a single strain of L. monocytogenes in food matrices with various degrees of fat does not significantly affect fecal shedding or invasion of the liver and spleen in mice (18) . More importantly, combining these different exposure scenarios more closely reflects the human situation, which includes exposure to different strains of L. monocytogenes found in many different food matrices, and may alleviate the need for some of the uncertainty factors used in risk assessment. Several endpoints were monitored as indicators of L. monocytogenes infection, including the number of days L. monocytogenes was shed in the feces and the peak number of CFU of L. monocytogenes shed in the feces. These indicators, along with the number of days to delivery, are correlated with increasing doses, regardless of the birth outcome (Table 3) . The longer an animal shed L. monocytogenes in her feces, the more likely she was to have a stillbirth. It is possible that fecal shedding of L. monocytogenes could be used as a predictor of stillbirths, although it is not conclusive evidence of impending stillbirth. Some pregnant animals were able to withstand exposure to 10 8 CFU, and shed L. monocytogenes in their feces, without adverse pregnancy outcomes. Dose-response model. A diverse group of models varying in complexity have been explored for modeling the relationship between exposure to pathogenic bacteria and adverse outcomes (10, 11, 14) , and eight models were reviewed in FDA-USDA-CDC (7) and FAO-WHO (6) risk assessments. Arguments have been made alternately for choosing models that are reflective of underlying mechanisms (6, 7) or for use of the simplest model that provides an acceptable fit (6, 7) . Frequently, the available data are not sufficient to permit critical comparisons among closely related models. After examining several dose-response models (including exponential, logistic, Weibull gamma, and probit) and our previous experience with dose-response models for pathogens (11, 21) , we found them to predict similar effects near the LD 50 region for the doseresponse curve. At low doses, at which effects occur in Յ1% of FIG. 1 . PFGE of the treatment strain of L. monocytogenes and strains isolated from maternal feces and maternal and fetal tissues isolated from an animal whose pregnancy resulted in a stillbirth. The identical PFGE pattern of lanes 2 to 6 compared to lane 1 verifies that the strains isolated from the maternal and fetal tissues were the same as the treatment strain. Lanes: 1, L. monocytogenes 12443; 2, feces; 3, placenta; 4, stillbirth brain; 5, stillbirth liver; 6, stillbirth blood; 7, molecular size standard.
FIG. 2. Probability of stillbirths after pregnant rhesus monkeys were orally exposed to L. monocytogenes during the third trimester. The doseresponse relationship was derived by using a log-logistic model. The solid line represents the log-logistic fit to the observed data; the dotted lines represent the 95% upper and lower confidence limits.
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the population, the different models diverge but collected data sets are generally not sufficient to justify selection from among models. We chose the log-logistic model from among those models we explored on the basis of its fit of the data in the midrange of the dose-response curve, its extensive use for growth response modeling as reported in the literature, and its simplicity in relating biological interpretations of the parameters. In general, the more complex models did not provide a significant improvement in fit, but where they did, it was due to the increase in the number of parameters in the models. Dose response of L. monocytogenes in humans and rhesus monkeys. The largest reported outbreak of listeriosis among pregnant women occurred in Los Angeles County, CA, in 1985 (15) , when consumption of L. monocytogenes-contaminated cheese was associated with 93 pregnancy-related cases and 30 deaths among fetuses and neonates. The FAO-WHO risk assessment for L. monocytogenes (6) has estimated the 50% perinatal morbidity for the outbreak at 1.9 ϫ 10 6 CFU. The estimated morbidity for this outbreak compares favorably with the LD 50 calculated from the monkey dose-response curve, approximately 10 7 CFU. This is in contrast to the perinatal (including fetal) LD 50 in the range of 10 13 to 10 14 CFU based on the exponential dose-response graph (Fig. IV-7 ) published in the FDA-USDA-CDC L. monocytogenes risk assessment (7) . This discrepancy occurs in part because the shape of the doseresponse curve was based on data from a mouse study and adjustment factors were applied to the curve so that it reflects the estimated number of human listeriosis cases in the United States (7). In addition, the LD 50 estimated in the FDA-USDA-CDC (7) and FAO-WHO (6) L. monocytogenes risk assessments incorporates variation in the virulence of L. monocytogenes strains that may account for some of the discrepancy. Strain variation is not incorporated into the rhesus model or into estimates based on outbreaks.
When the morbidity from the Los Angeles outbreak (15) calculated by the FAO-WHO (6) is plotted on the dose-response graph based on the monkey data, the morbidity for humans (10 6 CFU of L. monocytogenes) falls within the 95% confidence limit of the curve (Fig. 2) . These LD 50 s are also similar to that calculated for guinea pigs at 10 7 CFU (21). The similarity among the FAO-WHO 50% perinatal morbidity (6) based on the Los Angeles outbreak, the LD 50 for guinea pigs (21) , and the LD 50 based on the monkey data suggests that the use of models representing at-risk populations which do not require adjustments is possible and may facilitate risk assessment.
Conclusions. Pregnant rhesus monkeys exposed to L. monocytogenes through the gastrointestinal tract during the last trimester of pregnancy are susceptible to having stillbirths with the same etiology as humans. Likewise, the LD 50 calculated from the rhesus dose-response curve is 10 7 CFU, which compares favorably to the estimated 50% human morbidity calculated from outbreak data by the FAO-WHO of 10 6 CFU (6). To estimate the percentage of a population affected at the 10% level or lower is greatly affected by which dose-response model is used, but the choice of model does not have much impact on the 50% level. This suggests that when comparing dose-response information, the midrange of the dose-response curve is likely to be more accurate than the extremes of the curve. Using dose-response data obtained with rhesus monkeys offers advantages over rodent models because monkeys can be exposed orally, the same as humans, and all evidence to date suggests that the results of infection are the same as in humans.
